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Abstract: The empirical process of the residuals from general autoregressions
is investigated. If an intercept is included in the regression, the empirical process
is asymptotically Gaussian and free of nuissance parameters. This contrasts the
known result that in the unit root case without intercept the empirical process is
asymptotically non-Gaussian. The result is used to establish asymptotic theory
for the Kolmogorov-Smirnov test, Probability-Probability plots, and Quantile-
Quantile plots. The link between sample moments and the empirical process of
the residuals is established and used to establish the properties of the cumulant
based tests for normality referred to as the Jarque-Bera test.
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1 Introduction

In this paper, the asymptotic theory of the empirical process of autoregressive
residuals is analysed. This can then be used to establish formal tests on the dis-
tribution of the autoregressive innovations using a Kolmogorov-Smirnov test, an
Anderson-Darling-type test, a Probability-Probability plot or a Quantile-Quantile
plot with confidence bands, or the standard cumulant based tests for normality,
known as the Jarque-Bera tests. The empirical process is analysed for a gen-
eral class of autoregressions, including vector autoregressions and autoregressive
distributed lags models. These can have stationary roots, unit roots as well as
explosive roots, and include deterministic terms. It is found to be asymptotically
Gaussian and free of nuissance parameters as long as an intercept is included
in the model. This is important in applications, as the question of innovation
distribution can be addressed without having to locate the characteristic roots.
Similar result apply for the likelihood-based tests for unit roots and the order of
the autoregression, but not for the usual correlograms, see Nielsen (2001, 2006,
2007).

For the basic first order autoregression without determistic regressors, the as-
ymptotic theory is available in the literature. The results are somewhat discour-
aging in that the empirical process is asymptotically Gaussian in the stationary
and the explosive cases, but non-Gaussian in the unit root case. As a consequence,
inference about the distribution of the innovations and about the autoregressive
coefficient has to be conducted simultaneously. The key to the results presented



here is that the non-Gaussian component in the unit root case stems from the
sum of the residuals. When an intercept is included in the model, as in most
applications, this sum is zero due to the estimating equation for the intercept and
therefore the non-Gaussian component does not arise.

We will exploit that the expectation taken with respect to the empirical distri-
bution of residuals £y, ...,27 is simply their sample average. This is first used as
an expository device, and is later used to link the sample moments of the residuals
to the empirical distribution of the residuals. This is then used to establish the
properties of the cumulant based tests for normality referred to as the Jarque-Bera
test.

The paper is organised so that the empirical process and the main result are
presented in §2. Applications of this result to the above mentioned tests and plots
are discussed in §3. The proofs are given in §4.

2 The empirical process

At first the sample average of residuals is discussed for first-order autoregressions
with and without an intercept. This highlights the importance of the intercept
when dealing with the empirical distribution of the residuals. Next, the general
autoregressive model and the empirical distribution of the residuals are defined;
finally, the asymptotic theory of the empirical distribution is given.

2.1 The role of the intercept

The intercept plays a very important role for the empirical distribution of autore-
gressive residuals. This point is best illustrated by examining the sample average
of the residuals, which is the expectation of the empirical distribution.

Consider the first-order autoregression with an intercept as given by

Xt:OéXt_1+M+0€t (t:]_,,T), (21)

conditional on X, and parameter space o, u,0? € R? x R. No assumptions are
needed for the innovations, ¢;, at this point. Estimating the parameters by least
squares regression leads to scaled residuals of the form

. Xi—aXy g —p
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A crucial property of the residuals, ;, is that their average is zero,

1 T
= Y & =0, (2.2)
t=1

due to the estimating equation for p. This implies that the expectation of the
empirical distribution of the residuals is zero. As an immediate consequence, the
expectation of the empirical distribution is free of nuisance parameters. In line
with this it will be shown in §2.3 that the empirical distribution is asymptotically



Gaussian and free of nuisance parameters. This has previously been shown for
la|] < 1 and |a] > 1 by Pierce (1985) and by Koul and Leventhal (1989), re-
spectively, whereas the result for |« = 1 has not been studied in the context of
empirical processes.
In constrast, consider the first-order autoregression without intercept, satisfy-

ing

Xy =aXi 1+ o5 (t=1,...,7), (2.3)
conditional on X, with parameter space a, 0> € R x R.. The scaled least squares
residuals are now of the form

. Xy—aXe

&= ="

o

Since the intercept is excluded it will in general hold that Zle gy # 0. The
application of standard asymptotic techniques, with details given in §4.1, reveals
the following asymptotic behaviour for the sample average.

Theorem 2.1 Suppose the model given by (2.3) is satisfied with independent in-

novations with distribution function F where Ee, = 0, Vare; = 1, and E|<€,§|2ij < 00
for some v > 0. Let B (u) be a standard Brownian motion. Then

1 « 1 «
— ) g =— et + R,
where the remainder term R satisfies

R50 fora #1,
/IB%(u)dIB%(u)

/:1 {B (u)}* du
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/1183 (u) du for a = 1.
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This result indicates that in the absence of an intercept rather different as-
ymptotic behaviour can be expected in the presence and absence of unit roots.
Moving on to higher order autoregressions without an intercept, different Dickey-
Fuller-type expressions arise depending on the number of unit roots. This wide
range of limiting distributions is not encouraging. From a practically point of
view the solution is simply to consider the studentised residuals instead of the
scaled residuals, which of course amounts to the residuals of the regression (2.1).
This is the solution adopted, implicitly, in the frequently used cumulant based
tests for normality, see §3.4. For the remainder of the paper an intercept will
therefore be included in the model. Note that this is a modeling assumption, not
an assumption about the distribution. Asymptotic theory for empirical process
for |a| <1, « = 1 and || > 1, have been found by Boldin (1981), Lee and Wei
(1999) and Koul and Leventhal (1989), respectively. The result for &« = —1 has
not been studied in the context of empirical processes.



2.2 The general autoregressive model

Let X; be a p-dimensional time series partitioned in terms of a univariate time
series Y; and (p — 1)-dimensional time series Z;. The general univariate model is
given by

k k
Yi=pZi+ > oY j+ > B;Zt,j +vD;_1 + oy, (t=1,...,7) (2.4)
j=1 j=1

conditional on Xy, ..., X _;, with independent innovations ¢, with distribution
function F. The term D;_; is a deterministic term, which will be discussed in
further detail below. When p is restricted to zero, so Z; is absent on the right
hand side, this is the marginal equation of a vector autoregression, and when p is
unrestricted this is an autoregressive distributed lags model. If the Z process is
omitted this reduces to an autoregression. Note, that when £k =0 and D;_; =1
the model reduces to a classical regression model with an intercept. In addition,
when p is restricted to zero, this becomes a location-scale model for Y;.

Least squares estimation of the equation (2.4) gives the scaled residuals

~ ko~ kD ~
Yi=pZy =3 50V — > i BiZj — VD
Et = = )
o

if, for instance, p is unrestricted. The empirical distribution function of the resid-
uals is defined as

with the associated empirical process
F{F (@)} = VT {F(z) - F (@)}, (2.5)

which has argument u = F (z) on the unit interval.

In order to discuss the distribution of the empirical process the joint distrib-
ution of the time series X; = (Y3, Z])’ has to be specified. If this is assumed to
satisfy a vector autoregression the results for general vector autoregressions given
by Nielsen (2005) can be used. That paper is a generalisation of the work by Lai
and Wei (1985), who did not consider deterministic terms. Thus, suppose the
time series X; and the deterministic series D; satisfy the autoregressive equations

k
Xt - Ath—j + MDt—l + 57&7 (t = 17 ce 7T) ’ (26)
j=1
Dt - DDt—h (27)
conditional on Xy, ..., X;_j, where the vector innovations, ,, are partitioned as

& = (fy’t,ﬁfzt)’ . The vector innovations are assumed to have mean zero and a
positive definite variance matrix partitioned as

wmwzgz(gwgg). (2.8)

Y

The univariate model (2.4) can then arise in two ways:
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1. When p is restricted to zero then (2.4) is simply the first equation in (2.6)
so og; = &, with mean zero and variance 0 = Q,,,.

2. When p = Q,.Q.} and ¢ is normally distributed, then (2.4) states the con-
ditional model for Y; given Z; and the past, with e, = {, ; — p€, ; with mean
zero and variance o2 = Q,, — Q,.Q.1Q.,.

The formulation for the deterministic term D, allows a joint autoregressive com-
panion representation of Xy, Dy, and is inspired by Johansen (2000). The matrix
D has characteristic roots on the complex unit circle, so D; is a vector of terms
such as a constant, a linear trend, or periodic functions like seasonal dummies.

For example,
1 0 . 1
D_<1_1> with D0_<1)

will generate a constant and a dummy for a bi-annual frequency. The deterministic
term D, is assumed to have linearly independent coordinates, which is formalised
as follows.

Assumption 2.2 |eigen (D)| =1 and rank (Dy, ..., Dgimp) = dim D.

To ensure that an intercept is included in the model an additional assumption
to D is needed.

Assumption 2.3 Assume D has at least one eigenvalue of unity.

2.3 Asymptotic theory for the empirical process

Before discussing the empirical process F itself, it is useful to consider the empirical
process of the innovations, ¢;, for a moment. This is defined as

T 1 T

~ 1
U (u) = N tz_l: Ley<Fiy —u) = T tz_; [LiFen<a — 1], (2.9)

for 0 < u < 1. It is often referred to as the uniform empirical process since the
variables F (¢;) are uniformly distributed. The asymptotic theory for the uniform
process of the innovations is outlined in Billingsley (1968, §13) and is described
in terms of a Brownian bridge. That is, under regularity conditions that will be
introduced below,

U(u) 2 U, (2.10)

on the space D0, 1] of right continuous functions on the unit interval with limits
from the left. Here U is a standard Brownian Bridge, that is, a Gaussian process
with expectation zero and covariance given by Cov{U(u),U(v)} = u(1l — v) for
u < v. The Brownian bridge U can be written in terms of a standard Brownian
motion B as U(u) = B(u) —uB(1). The asymptotic result for the empirical process
F (u) is a generalisation of this result, where the limiting distribution is expressed
in terms of stochastic integrals with respect to the Brownian bridge U.



The properties of stochastic intergrals with respect to Brownian brldges are dis-
cussed by Shorack and Wellner (1986, p. 91-95). Stochastic integrals fo u) dU (u),
are well-defined for square integrable functions hy, ho. They are normally dlstrlb—
uted with expectation zero, and variance given by

Cov{/olhl (u)dU(u),/01h2(u)dU(u)}
:/Olhl (u)hQ(u)du—{/Olhl(u)du} {/01h2(u)du}. (2.11)

The Brownian bridge itself can be written as U (v fo u<v)dU

To formulate the main result some assumptlons to innovations ft and ¢, are
needed. The innovations, &,, of the vector autoregression (2.6) are assumed to
satisfy a martingale difference sequence assumption to exploit the consistency
results of Nielsen (2005).

Assumption 2.4 Suppose the sequence of innovations &, of the vector autoregres-
sion (2.6) is a martingal difference sequence with respect to an increasing filtration
Fi so E(&,|Fi—1) = 0 and where the initial values Xy, . .., X1y are Fo-measurable
and

a.

i

sup E{(&&,)M?| Fii} for some \ > 4, (2.12)

00
E(&Fm) = Q where ) is positive definite. (2.13)

A further set of three assumptions are needed for the innovations &; of the
regression equation (2.4). It is not sufficient that these innovations are martin-
gale difference sequences, essentially because the empirical process describes the
entire distribution, and thus all moments of ;. The first assumption ensures the
convergence of the uniform empirical process.

Assumption 2.5 Suppose the innovations €; of the regression equation (2.4) are
independent and identically distributed so Ee, = 0, Vare, = 1, and with marginal
distribution function F.

A second assumption is a martingale assumption, which is needed for the case
where p is unrestricted so the regression equation (2.4) becomes an autoregressive
distributed lags equation.

Assumption 2.6 If p is unrestricted define the filtration G;_1 as the sigma field
over Fy_1 and Z;, otherwise, if p is restricted to zero let G,y = Fi_1. Suppose the
innovations €; are independent of G; 1.

The third assumption concerns the distribution function F of the innovations,
Et.



Assumption 2.7 Suppose the distribution function F has density f which is pos-
itive and differentiable everywhere, and satisfies

sup |zf (x) | < o0, sup |f' (z) | < oo, sup |22 (z) | < oo.
z€R z€R z€R

The Assumption 2.7 is satisfied by many distributions, notably the standard
normal distributions. Denoting the standard normal density by ¢ it holds that
¢'(z) = —xp(x). Since ¢ has exponentially declining tails the boundedness follows.

The main result can now be formulated. This shows that as long as an intercept
is included in the autoregression the same Gaussian limit distribution applies for
all values of the characteristic roots. Thus, it is possible to make inference about
the distribution of the autoregressive innovations without knowing the location of
the characteristic roots.

Theorem 2.8 Suppose the model (2.6) and the Assumptions 2.2, 2.3, 2.4, 2.5,
2.6, 2.7 are satisfied. Then

FIF1()} 2 Xe(),

on D|0, 1], where Xg is the Gaussian process defined by

!/

1

1 Ts<y
Xe (1) = F{F (u)} / Fi(s) |du(s). (2.14)
W) {F ()} | 70 [ {Fi(s))’

The process Xg defined in (2.14) is the sum of three components. The first
component is simply the Brownian Bridge U(u) arising from the uniform empirical
process U. The second and the third components relate to F — U and arise due to
the estimation of the variance and the intercept, respectively. The process X is
standard, in the sense of applying to cross-sectional regression problems including
a constant, see Shorack & Wellner (1986, p.197f).

The process Xg can be simulated in various ways. The first approach is to
use the covariance structure of Xg. For any choice of reference distribution F this
covariance structure can be found using the formula (2.11). For the Gaussian case
it is found in Theorem 2.10 below. For a particular grid over the interval [0, 1],
the covariance matrix is computed and its square root multiplied onto a vector
of generated independent standard normal variables. The second approach is to
compute the stochastic integrals in (2.14) directly. First, a Brownian motion B is
computed for a grid over [0, 1] by taking partial sums of generated independent
standard normal variables and is transformed into a Brownian bridge using the
formula U (u) = B (u) —uB (1) . Next, the integral (2.14) is formed. This approach
is a little more convoluted, but numerically faster when dealing with a fine grid
over [0, 1].



2.4 Empirical moments

The asymptotic properties of the moments of the residuals can be found rather
easily from the empirical process. This point seems to have escaped the literature.
It will later, in §3.4, be used to establish the asymptotic behaviour of the usual
cumulant-based tests for normality. Some notation is needed. Define the empirical
moments of the standardised residuals,

and the least squares estimator for the variance parameter, normalised by T

T 2
~ 1 R k N ko, R
=7 (Yt 0= YAy = 3 B - VDH) ,
t=1 J= Jj=

It then holds that 7i, = 1, and, when including an intercept in the model, also
11; = 0. Defining the population moments

Nm:/ 2™ dF (x /{F u)}" du, (2.15)

the sample and population moments can be brought together as

VT G =) = VI{ [ 2" @)~ [ onae o)}
- / 2" dFr (z /{F V" ARy {F7Y (u)} . (2.16)

The asymptotic theory then follows by replacing the empirical process @T with
the limiting Gaussian process Xg established in Theorem 2.8. To describe the
resulting limiting normal distribution let

he(w) = {F7 ()}’
b () = {F (@)} = mpsy {F7 ()} = S {7 ()}

Theorem 2.9 Suppose the model (2.6) and the Assumptions 2.2, 2.3, 2.4, 2.5,
2.6, 2.7 are satisfied, and that F has moments of order at least 2M . Then

ﬁ(32—027ﬁ3_ﬂ37'--7ﬁM_MM)

converge jointly in distribution to a normal distribution with mean zero. The
limiting distribution can be represented as

ﬁ(a—2—1> /lhg()dU() _ /01{F1<u)}2dm(u), (2.17)

o2

VT (i — ) > / = [y e, 2



and the covariance matrixz has entries

1 1
- COV{/ o (1) U (w) / b (u)dU(u)}
0 0
which satisfy, for m,n > 3,

m
Woe = fig — 1, W2m:llm+2—mﬂgﬂm71—Mm{l‘i”_(,%—l)},

2
mn mn
Wmn — lum+n - Merl:u’nJrl - (? + 1) Mo oy + T (H4 - 3) Mo oy
mn
+ (fmgr = Mtg—1) Mgy — 1t_q) + ERE (Hm—1ftn + Hopht—1)

The result can form the basis for a cumulant-based test of the reference distri-
bution F in a location-scale model. For instance, if ¢; follows a standard Gaussian
distribution, a Laplace distribution, or a t-distribution with known degrees of free-
dom, then Y; = u+ oe; is a location-scale model. The Gaussian case is studied in
further detail in §2.5.

2.5 The Gaussian case

The case where the reference distribution F is standard Gaussian, denoted & is
of special interest. At first, the covariance structure of the limiting Gaussian

process Xr is found. Subsequently, the moments of the empirical distribution are
described.

Theorem 2.10 Suppose F (u) = ® (u) is the standard normal distribution func-
tion with density p. Then Xg = Xg has covariance given by

Cov {Xa (u) Xo ()} =u(1 —v)—¢ {27 (W} p {27 (v)} {@_ S 1} 7

for 0 <u <wv <1, or equivalently, for x,y € R so x <y,

LY
Cov [Xa {® (1)}, Xe {2 1)} = @ (0) {1 = 2 (1)} — 0 (@) 0 (v) (5 +1).
Theorem 2.9 presented the asymptotic distribution of the sample moments of
the standardised residuals. This result simplifies considerably in the Gaussian
case. In that case the population moments are

= [amine)= [ oty au={ o o (219
[, = R:c z) = i u u= (m—1)!!'  for m even, ’

where (m — 1)!l = (m—1)(m—3) ---3-1 is the odd factorial. In particular p; = 0,
py = 3, and pi,, 1 = my,, ;. This immediately gives the following result, noting
that Assumptions 2.5 and 2.7 are satisfied in the normal case.



Corollary 2.11 Suppose the model (2.6) and the Assumptions 2.2, 2.8, 2.4, 2.6
are satisfied and the innovations €; are standard normal so F = ®. Then, for any

M

~2

g —~ ~
ﬁ(F_LMS_MSa"'MUJM_MM)

converge jointly in distribution to a normal distribution with mean zero. The
covariance matrix of the limiting distribution has entries, for m,n > 3,

mn
W2 = 2a Wom = 07 Wmn = Mman = Bmt1Mny1 — <T + 1) o Lo+

The property that ws, = 0 shows that 6> is asymptotically independent of
all higher moments of the standardised residuals, which in turn implies that it
is independent of the higher cumulants. This relates to the exact independence
found by Fisher (1930) for samples of independent normal variates. Note also
that w,,, = 0 when m is even and n is odd, implying that for instance the third
and fourth cumulants of the residuals are asymptotically independent.

3 Applications

Theorem 2.8 has a wide range of applications that can be helpful in autoregressive
analysis. In the following, the empirical process is at first transformed into a
standardised empirical process and a quantile process. Next, Kolmogorov-Smirnov
and Anderson-Darling tests are discussed. Then confidence bands are presented
for Probability-Probability and Quantile-Quantile plots. These are frequently
used in econometrics, but without confidence bands. Finally, the frequently used
cumulant based tests for normality are discussed.

3.1 The standardised empirical process and the quantile process

In Theorem 2.8, a Gaussian approximation was found for the distribution of the
empirical process. Using this result, a standardised version of the empirical process

can be defined R
= F

() = )

std {Xg (u)}

This process is not defined at the end points ©« = 0 and v = 1 since both the

empirical process and its variance are then zero. For each u in the open interval
(0,1) Theorem 2.8 implies the pointwise convergence result:

> D _ Xe(u)

for u € (0,1).

(3.1)

The sequence of standardised empirical processes, zp,vis, however, not tight. The
issue is the variation near 0 and near 1. In this way, Cibisov (1966) showed that
U (u)
std {U (u)}

P
sup — 00.

O<u<l1
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The rate of divergence has been studied intensively, with an overview given in
Shorack and Wellner (1986). The process Zg will, however, converge on DI[b, c|
where [b, | is an arbitrary closed subinterval of (0, 1).

Rather than looking at the distribution function for the residuals, it is often
of interest to look at their quantiles, defined in terms of the inverse distribution
function, F~!. The standardised quantile process is defined as

Qe (2) = F (@) VT [F {F (@)} — o] (3.2)

Using the functional §-method, in an argument made more formally by Shorack
and Wellner (1986, Chapter 18), it holds that

QF (z) 2 QF (2), (3.3)

for each point € R, as well as @F{F_l(-)} converges on D[b, ¢] where [b, | C
(0,1). The limiting process has the same covariance process as Xg due to the
normalisation with f in (3.2). Dividing through by f (z) gives the pointwise result
Re (2) = VT [F1{F ()} — o] & ZEW)

. (3.4)

3.2 Test statistics based on the empirical process

In many applications it is convenient to summarize the empirical process in a
single statistic. There are two reasons for this. First, for the uniform empirical
process, distribution free tests can be constructed based on, for instance, the
Kolmogorov-Smirnov statistic. This does, however, not seem possible when the
location and scale are unknown as here. Secondly, tests can be constructed by
evaluating the empirical process at a single point. Looking at two different points,
x1 and x5, the test statistics will be dependent. To achieve a correct size this has
to be taken into account. This is done by looking at summary statistics such as the
Kolmogorov-Smirnov statistic. Different summary statistics are found depending
on the choice of weight function that is applied to the empirical process over the
points € R. There is no optimal way of choosing a weight function. Likewise,
such statistics are bound to be dependent, so when using several statistics it is
not clear how to achieve a correct size.

Kolmogorov-Smirnov-type statistics can be formed from the empirical process
by

De = sup @{F(a:)}‘ = sup |F(u)| > sup [Xp (u)| = De, (3.5)

zeR 0<u<l1 0<u<l1
Di = supF{F(z)} = sup F(u) > sup X¢(u)= Dy, (3.6)
z€R 0<u<l1 0<u<l1

where the limiting distributions arise by applying the Continuous Mapping Theo-
rem to the asymptotic distribution for the empirical process reported in Theorem
2.8. These statistics put most weight on values of u closests to 0.5. The limiting

11



E Var Elog Varlog 50% 80% 90% 95%  97.5% 99%

Dgs 0.631 0.0219 -0.487 0.0526 0.612 0.748 0.830 0.903 0.971 1.053
D 0.547 0.0231 -0.640 0.0731 0.524 0.666 0.753 0.831 0.903  0.990

Table 1: Simulated distribution of Dg and ﬁg

distributions of D, D} depend on the distribution of F. This is in contrast to the
situation where the empirical distribution of independent, identically variables is
compared to a known distribution. In that situation only the uniform term U is
of relevance and a time transformation argument can be employed.

When testing for normality the distributions Dg and DJ are of relevance.
These were previously reported by Stephens (1974, Table 1A, case 3). Stephens’
experiment was repeated using a fine grid with 10* points and 10° repetitions
giving the numbers reported in Table 1. A convenient approximation to the p-
values can be found using a Gamma distribution with the reported mean and
variance as done for instance for a Dickey-Fuller F-type distribution in Nielsen
(1997). Due to the extreme value nature of the Kolmogorov-Smirnov statistic,
the Gamma approximation will under-fit the extreme upper tail slightly. For the
reported quantiles the relative error of the Gamma quantiles compared to the
simulated quantiles was at most 3.0%, and at most 1.8% when excluding the two
most extreme quantiles. It was also attempted to fit a Weibull distribution, as
the asymptotic distribution of the D} statistic based on the uniform empirical
process is Weibull, see Billingsley (1968, p.85). The Weibull distribution can be
fitted using mean and variance of the log-transformed statistic, see Johnson, Kotz,
and Balakrishnan (1994, §21.4). For the empirical process of residuals the fit is,
however, much worse than the Gamma, fit, with relative errors of up to 17%.

While the Kolmogorov-Smirnov statistic puts most weight on deviations in the
middle of the distribution, Anderson and Darling (1952) considered the possibility
of constructing Kolmogorov-Smirnov-type statistics for the standardised empirical
process, Zg, see (3.1). Anticipating the result of Cibisov (1966), they suggested
taking supremum over a closed interval in the interior of the unit interval. Con-
sidering a symmetric interval for simplicity, this gives

Kro=  sup

1 1
s—a<u<s+a

D
Ze ()| 2 sw  |Ze (u)] = Kra

1 1
s—a<u<sz+a

A Kolmogorov-Smirnov-type statistics can be constructed in the same way for the
empirical quantile process

Qr (u) Rr (u)

Qra sip | ————| = sup | =t
1 a<u<ita|std {QF (u)} $—a<u<z+a |std {RF (U)}

D
O sup |2 (u)] = Kea,
%fa<u<%+a

= D

Re(u)| > sup  [Re(u)] = Fra.

1 1
z—a<u<;+ta

Rea =  sw

1 1
z—a<u<s+ta
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1 a a? a! a2 (% - a)il (l - a) B

Kso, E 1.969 1.405 -0.04406  0.0008920 0.00028
Var 0.365 -0.291 0.141 -0.00001

Rs, E 1.672 -1.583 4.904 -0.02773 0.03722 -0.0000677
Var 0.135 0.053 -1.293 0.02743 -0.0000151

Table 2: Response surface in a for expectation and variance of K¢, and Qg 4.

When testing for normality the distributions K4, and Rg , are of relevance.
These were simulated for a range of a values, a fine grid over u with 10* points
and 10° repetitions. Response surfaces in a for the expectation and variance of
Ks, and Rg, are reported in Table 2 using 22 values of a chosen as (0.05:0.40,
0.05), (0.41:0.49, 0.01), (0.491:0.495, 0.001). In all cases, the R? of the fits exceed
0.9995. It is not advisable to extrapolate the response surface for values of a
outside 0.01 < a < 0.495. For a given value of a the expectation and variance
are computed and the distribution approximated using a Gamma distribution
as above. It is evident that the response surfaces diverge for a — 0.5. Different
choices of a will emphasize different departures from normality. Due to the Cibisov
result the literature does not give any guidance towards the choice of a as a
function of the sample size.

3.3 P-P and Q-Q plots

At present, probability-probability and quantile-quantile plots, also called P-P and
Q-Q plots, are used without confidence bands. Based on the work present here,
two types of confidence bands can be derived: pointwise bands and simultaneous
bands based on the statistics presented in §3.2. Pointwise bands would be used
in situations where the nature of the departure from the reference distribution is
unknown, whereas the simultaneous bands are used to detect more specific types
of departures. R

Probability-probability plots are plots of u = F(x) against u = F(x) on a
[0, 1] %[0, 1]-square. Confidence bands of the type u+n~'/2c,0, can be constructed
using the results from above. Three different bands are worth noting.

Pointwise confidence bands can be established from Theorem 2.8, where ¢, is
the 1 — a/2 quantile of the standard normal distribution and o2 is the variance
Var{Xg(u)} at the point u. For the standard normal case, F = ®, the variance is
reported in Theorem 2.10. For other reference distributions it can be computed
using (2.11).

Kolmogorov-Smirnov bands can be constructed by ¢, = 1 and chosing ¢, from
limiting distributions of the Kolmogorov-Smirnov statistics. This gives bands that
are straight lines parallel to the 45°-line. This emphasises departures in the middle
of the distribution. Bands of “two-sided” nature are found by choosing ¢, as the
1 — a quantile of Dg, whereas a “one-sided” are found from the 1 — a//2 quantile
of D{.

Anderson-Darling bands are constructed by first choosing a value of a (perhaps
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0.3, 0.4, or 0.45). Then o, is choosen as for the pointwise bands, whereas ¢, is
chosen as the 1 — a quantile of Kg .

Quantile-quantile plots are plots of T = (= (u) against x = F~!(u) on a
R x R-square. Confidence bands of the type v+ n~"?c,0, can be constructed.
Two different bands are worth noting.

Pointwise confidence bands can be established directly from Theorem 2.8 and
(3.4). Here ¢, is the 1 — a/2 quantile of the standard normal distribution and
02 equals Var[Xg{F(z)}]/{f(z)}? at the point x. For the standard normal case,
F = &, the variance is reported in Theorem 2.10.

Kolmogorov-Smirnov bands can be constructed by ¢, = 1 and chosing ¢, from
the 1 — a quantile of RE.

3.4 Test for normality based on cumulants

Assuming an intercept is included in the model, the empirical cumulants can be
computed from the sample moments of the standardised residuals, so

~

K3 = Hs, Ka =1y — 3.
The following result follows directly from Corollary 2.11.

Corollary 3.1 Suppose the model (2.6) and the Assumptions 2.2, 2.3, 2.4, 2.6
are satisfied, and that the innovations €, are N[0, 1]-distributed so F (u) = ® (u).

Then
(ng/T/6,E4\/T/24> LN, [0, 7).

Note that Assumption 2.3 is trivially satisfied, since the cumulants are based on
the central moments, regardless of whether an intercept is included in the model.
The Theorem presented here requires that the innovations ¢; are independent as
stated in Assumption 2.5. This assumption is needed to be able to work with the
empirical process, but could be relaxed with a proof based on direct expansions
of the cumulants.

For models with independent observations, such a result was first established
by Thiele (1889), see Lauritzen (2002) for a translation, and later by Pearson
(1902), who argued that (7/6)"/?&5 and (T/24)'/%%, are asymptotically standard
normal. A large literature has investigated the joint behaviour in finite samples of
independent observations. Jarque and Bera (1987) have given these tests a likeli-
hood based motivation. Recently Kilian and Demiroglu (2002) have proved that
these results hold for a class of cointegrated vector autoregressions with known
cointegration rank. The proofs of these results are based on direct expansions
of the sample moments of o¢; rather than appealing to the empirical process of
£;. While the argument based on the empirical process requires independent in-
novations, an argument based on expansions of the sample moments could be
made for innovations arising from a martingale difference sequence with constant
conditional moments up to a certain order.

For cointegration applications the result of Kilian and Demiroglu (2002) can
be combined with the present result in an interesting way. In a first step an
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unrestricted vector autoregression is fitted to the data and the hypothesis of nor-
mality is tested using the new result, where no knowledge of the autoregressive
parameters is required. Secondly, a cointegration analysis is performed using the
likelihood procedure of Johansen (1995). Once the cointegration rank has been
determined and imposed, the hypothesis of normality can then be tested once
again for the restricted model using the results of Kilian and Demiroglu (2002).

4 Proofs

4.1 The sample average

Proof of Theorem 2.1. First, 0¢; = 0e — (@ — a) X;_1 by the model equation

(2.6), so
T T ~ T
1 . o1 ~ ~ (a—a)
— g ==[—= e — R where R = X, 1.

Now, R equals the product R; Ry where

= Zt 1 X1 5 Zthl Xi1

R, = Ry = = .
\/ thl XtQ—l v > X

The estimator & is consistent, whereas Ri=o (T 1/ 2’77) a.s. for some 7 > 0 for all

o (Nielsen, 2005, §2). The result for a # 1 follows by showing that Ry =o (T7=1/2)
a.s.
When |a| < 1 then Ry =o(T""/?) a.s. (Nielsen, 2005, Theorem 6.4).

When |a| > 1 then Ry =O(T~'/2) a.s. (Nielsen, 2005, Theorem 9.1).

When o = —1 then R, =o(T"71/2) a.s. To see this, write X, 1 as the sum of
(=)' Xoand o 321 (— )t_l_ €4, 80 S0, X; 1 is the sum of X 3 (—1)" =
Xo{1—-(-1)"}/2 andaz e () = e {1—(=1)" "} /2. Thus,
S X1 = o0 (T'/24n) a.s. by the Law of Iterated Logarithms. As for the
denominator, ("Y1, X2 ,)~Y/2 = O(T") a.s., see Nielsen (2005, Theorem 8.1).

Finally, when o = 1 write o R as the product of 7! Zle X164, T3/2 Zle X1,
and (T723.7_, X2 )~ and apply standard unit root asymptotics. m

4.2 Proof of main theorem

Theorem 2.8 is now proved. For the asymptotic analysis, it is convenient to
decompose the empirical process. To facilitate this, the set (£, < z) is rewritten
in three steps: First, both sides of the inequality are scaled by ¢ /o to bring the
residuals to the population scale; secondly, e; — 6,/ is added to both sides; and
thirdly, x is added and subtracted on the right. This gives

E<z)=(<z+7%), (4.1)
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where

~ o~ .0 ~ o
2y = ar + by, where a=——1, by =&y — —¢;. (4.2)
o o

The empirical distribution of the residuals can then be decomposed as

F(u) = U (u) +V (u) + W (u), (4.3)
where
Uu) = 1TZ: Lepri(uy — 4]
V) = f{Fl(u)}% Z,
_ 1 &

W) = == Y [y = Lasriy — F{FH (W)} 2] -
t=1

The components U and V are _the leading terms. They are analysed in Theorem
4.2 below. For the analysis of V it is convenient to decompose V = V; 4+ V5, using
the definition of z; in (4.1). First, let

v ’1ULT5—§€: ’1ULT€
T =) Zp 30 (2 T8) = F ) p e

since Zthl g; = 0 when an intercept is included in the model, as stipulated in
Assumption 2.3, whereas, letting F () = u,

Va (u) = F~H () f{F (u)} VT (g - 1) : (4.5)

The third C/()\mp%nt,l\?\\\/, vanishes. For the analysis of W it is convenient to
decompose W = W; + Wy + W3, letting F (z) = u,

]~

{Leraran) = Lz — f(x) Az},

o~
Il

1

[F(otin+B) ~Fatar) —f()b)

1

z
I
3= 3= 3
TFMﬂ

[M] =

{1(€t§1+ax+gt) — 1(8t§x+az) —F (ZL’ +ax + bt) +F (@I)} .

t=1

The first term deals with the estimation of the scale parameter o, while the other
two deal with the estimation of expectation parameters. The first and the third
term are referred to as uniform asymptotic linearity properties by Koul (2002),
whereas the second is a Taylor expansion. It is shown in Theorems 4.3, 4.5, 4.6
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that these terms disappear. The proof of Theorem 2.8 can now be summarised as
follows.

Proof of Theorem 2.8. Decompose F=0 + \71 + iZQ + Wl + wg + Wg.
Theorem 4.2 shows the convergence of the leading terms U, Vi, V,. Theorems 4.3,
4.5, 4.6 show that W;, Wy, W3 vanish. m

Before looking at the asymptotic behaviour of U and V it is convenient to
consider the estimators for the covariance parameters.

Lemma 4.1 It holds that

GOPTIE Y AN WP A
o 2\ g2 02 ’

Suppose model (2.6) and Assumptions 2.2, 2.4 are satisfied. Then

52 1
ﬁ(;ﬂ)=ﬁ;(st—1)+op(1):op(1), (4.6)

as well as VT(p — p) = Op (1).

Proof of Lemma 4.1. The first result follows from the Taylor expansion

5% — o2 5% — o2 52 — 2\’
—1=14/1 —1= O .
* o? 202 Op ( o? )

Next, Nielsen (2005, Theorem 2.6) shows that under Assumptions 2.2, 2.4, noting
that A > 4 in (2.12), it holds

Q1

T
o @S 1 ! —1/2
Q= T;@stm(T )

The Central Limit Theorem for martingale differences by Brown and Eagleson
(1971) is applicable when (2.12), (2.13) are satisfied, and implies that v/T(Q—Q) is
asymptotically normal. Using the functional )-method it is seen that this property
is shared by o and p. =

Theorem 4.2 Suppose model (2.6) and Assumption 2.2, 2.3, 2.4, 2.5 are satis-
fied. Then, letting ® denote the element wise (Hadamard) product,

U (u) 1 1] Lszw R 0
O I (0 SR Y A I ORI EO T2 S
V2 () SF@E{F T W) |0 [ (F(s)) op (1)

which converges in distribution to Xg (u) on D[0,1].
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Proof of Lemma 4.2. First, the stochastic integral representation in terms
of U is established. For the first component this follows from the discussion in
§2.2. For the other two terms, denote the empirical distribution of the innovations
by Fr(z) =T} Zthl L(c,<z)- As in §2.4 the sample and population moments of
ey satify

S —Eep) = VT /R " {Fy (z) — F (x))

t=1

5=

_ /R"Emdﬁ{F(x)}:/o (F @)™ dO (), (A7)

substituting u = F (x). Thus the expression for i\/l, follows directly (4.4), which
requires Assumption 2.3, whereas the expression for @'2 follows from (4.5) and
Lemma 4.1, requiring the Assumptions 2.2, 2.4. R

Billingsley (1968, §13) shows that a continuous U converges to U on C|0, 1].
This requires Assumption 2.5. Since the limit is continuous, U converges to U
on D[0,1]. Further, due to the existence of fourth moments, see Assumption 2.4,
the integrand in (4.7) is square integrable. Following Shorack and Wellner (1986,
p.94) the integrator U can be replaced with the Brownian bridge U in the limit.
This gives the process Xg in (2.14). =

It is now argued that the component Wl vanishes. This result follows from
the work of Koul (2002).

Theorem 4.3 Suppose model (2.6) and Assumptions 2.2, 2.4, 2.7 are satisfied.
Then -
sup W (u)] = op (1).
0<u<1
Proof. From Lemma 4.1 it follows that @ is Op(7~'/2). As pointed out by
Rao and Sethuraman (1975) and Loynes (1980) a bound b > 0 can be found so
|a] < b with probability close to one. Thus it suffices to show

zeR

|s|<b
This result follows from Corollary 2.3.2 of Koul (2002, p.59). A set of assumptions
have to be checked. First, note that, in the notation of Koul (2002), n = T,
dpi = T2, cpi = 0, Xy = &4, H(2) = Fpi = F(2), fui (z) = f(z). Since d,,; is
uniform in ¢, the conditions to d,,; in N1 and N2 of Koul (2002, p.16) are trivially
satisfied. Since c,; = 0 then the conditions to c,; in (2.3.6) and (2.3.7) of Koul
(2002, p.52) are trivially satisfied. The conditions F1, F2, F3 to f of Koul (2002,
p.59) are satisfied by Assumption 2.7 as follows: F1 requires unifom continuity of
f, which is satisfied since f is differentiable and sup,cg |f'(z)| < oo; F2 requires f
to be positive; F3 requires sup,.g |zf(z)| < co. ®

T
! —-1/2
Sup Z [1 ee<a(14+T-1/2s - 1(at§x) - f(l’) T / st .
\/_Z —1 { - ( )}

Before looking at the components Wz and Wg it is useful to discuss the prop-
erties of the process z; = az + b; defined in (4.2).
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Lemma 4.4 Suppose model (2.6) and Assumptions 2.2, 2.4 are satisfied. Then,
ifg(Z)—>ooasT—>oo, R
(2) b = (0, 0= p)& + (1, =p) (6] = 0)Si1,
(i7) T/ tlt—(1+~’v) p(1),
(441) /b\t can be written as bt —oaurzy: where
(a) zry 18 Gi—1-measurable as defined in Assumption 2.6,

(b) ar = Op (1),
(c) th:_lg(T) zrzly, = Op (1) for any function g so g(T)/logT — oc.
Proof of Lemma 4.4. (i): rewrite by in terms of the parameters of the vector
autoregression (2.6). By definition b, = oe; — 6€;, where oe; = (1, —p)¢; and

oer = (1, )ft, and p is either 0 or Q,.Q.}. Adding and subtracting (1, —p) &,
gives

oby =0ey —0e; = (1,-p) & — (1,=p) & = (0,p — p) & — (1, —p) <5t - gt) .
Writing the vector autoregression (2.6) in companion form
X, =081 +& where 0= (An,....,Anp), Sia= (X1, X\ D),

and in particular /‘g;t —&, = —(5 — 0)S;_1 leads to the desired expression.
(i4): The least squares estimator for 6 satisfies § — 6§ = M¢gMgs where

T T T
Mee = th& Mes = ths,i,l, Mgg = Z Stflsz{,ﬂ-
t=1 =1 t=1

Using the inequality (z + y)? < 2 (22 + 2) both to 22 and to (ob;)? shows

1 T 1
1 Z (025)2 < (oazx) 2 5 Z (abt>
t=1 t=1
< T (oax)’ + (0,9 — p) Mee (0,7 — p)' + (1, =) MesMg§Mae (1, =)

From Lemma 4.1, it follows that @ and p— p are both Op(T~%/2). Further, Nielsen
(2005, Theorem 2.4, 6.1) shows that M¢sMgiMge = op(TY2) and Mg = Op(1).
Both arguments use Assumptions 2.2, 2.4. Normalising by 7~'/2 gives the desired
result. R

(24i): From (7) it holds that ob, = carzry, since, for instance in the presence
of p,

ar=—{G-0.0DO-0p v =i { OBV

for some normalisation matrix Np. By construction zr; is G;_;-measurable, show-
ing (a). Note, that (ii) implies that 3, crzrizal, = Op (TY?), which is not
quite sufficient for (), (¢). Thus, use that a matrix M exists so

Ut U 0 0 Ut_l eU,t
MS, = Q: = 0 QO Qi1 = €Q.t )
W, 0O 0 W Wi ew,t
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where the absolute values of the eigenvalues of U, Q, W are less than one, equal to
one, and greater than one, respectively, see Nielsen (2005, §3). The deterministic
components are therefore included in the ); process. Using Theorems 2.4, 6.2
and Table 1 of Nielsen (2005) it follows that

Mee Mes | _ .
( MS& Mgg - dlag(M5§7MUU7MQQ7MWW) {1 + op (1)} (4,8)

Therefore, write
oby = —0 (e 1Ze 11, U TZU T OQTZO T, OwrZwre) {1 +op (1)},

where, for t <71 — g (T') and some normalisation matrix Ng 7,

OQ¢t = — (ﬁ - p) Tl/za Ze Tt = T71/2 (O> Ip—1> gta
oy = — (17 —75) MgUM(}(]}Tl/2> Zy Tt = Tﬁl/zUt—b
oaQt = — (L /P\) M{QMQQNQ T, ZQ1t = Né,lTQtfb
0'0([/[@5 == (1, /p\) MgwMVVlWWT 9(T) Zw. Tt = Wg(T)_TWtfl.

For (b) it needs to be argued that each a-term is Op (1) . For (¢) it suffices to show
that each z-term has sums of squares that are Op (1), and that the cross-products
are op (1). For each of the following arguments it suffices that Assumptions 2.2,
2.4 are satisfied.

The & terms. Lemma 4.1 shows that a7 = Op (1) . Nielsen (2005, Theorem
6.2) shows that Y7, z, 7¢Z¢ 7y 13 Op (1)

The U term. The Central Limit Theorem for martingale differences by Brown
and Eagleson (1971) implies that MgUMEll]2 = Op (1). Nielsen (2005, Theorem
6.2) shows that 7'My has a positive definite limit, a.s. Thus a7, Zthl ZUT1Zy 74
are both Op (1).

The @ term. Using standard unit root weak convergence arguments as in
Chan and Wei (1988) and Chan (1989) it can be shown that a normalisation
matrix N exists so MegNor and Ng ' ST Qi-1Q;_1(Ng 1) are Op (1), and
the latter is positive definite a.s. Thus agr, Yo, zQ, 1%, have the desired
properties. Indeed Chan and Wei (1988), consider the univariate case, where
p = 1 and X; = Y,, without deterministic terms, whereas Chan (1989) include
deterministic terms for that case. The idea of Chan and Wei (1988) is first to show
in their Theorem 2.2 that 7-1/2 St T“ Atet converges to vector of independent

t=
standard Brownian motions, when deﬁnmg

= {1,(=1)",V2sin(th;), V2cos (t01) , ..., V/2sin(th;), V2 cos (t6,)},

for 6, € (0,7) so 0, # 6; if k # j. This results is easily generalised to a
multivariate result using the Cramér-Wold device, see Billingsley (1968). Next,
existence of a normalisation matrix Ng7 and convergence of T/ 2N S4Q: and

No, T Zt 1 Qi1Q 1 (Ng %)’ then follows from the Continuous Ma,ppmg Theorem
(see Chan and Wei, 1988 §3), which is therefore easily generalisable. For M¢o No 7,
convergence of M¢qNo,r jointly with that of T2 N, 7.Q; is shown by a Skorokhod
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embedding result when Q is univariate (Chan and Wei, 1988, Theorem 2.4(ii)).
This is easy to generalise when Q is multivariate with simple roots (Chan and
Wei, 1988, Remark to Theorem 2.4). For general Q the Continuous Mapping
Theorem is used (Chan and Wei, 1988, Theorem 2.4(i)), which again is easily
generalisable. Finally, the positive definiteness of NélT ST Qi1Q; | (Ng ) is
shown (Chan and Wei, 1988, Lemma 3.1.1), which can be generalised using a
Cramér-Wold-type argument.

The W term. Nielsen (2005, Theorem 2.4, Corollary 7.2) shows MEWM;VIIQ? =
o(T'%), a.s. and that WMy (W) is convergent with positive definite limit-
ing points. In particular Y°,_, zw g2y, = WIS 79 O W, W, (WeD=Ty
is convergent with positive definite limiting points, while —oay 7 = o TY/4W—9(1))
a.s., which again is o(1) for any g(7) so g(T')/logT — .

Cross terms. These all vanish. This follows directly from (4.8). m

Theorem 4.5 Suppose model (2.6) and Assumptions 2.2, 2.4, 2.7 are satisfied.
Then .
sup W (u)] = op (1).

0<u<1

Proof of Theorem 4.5. At first W, (u) is written as an integral

T

P 1 T N R x+2t
Wz(ﬂ)=ﬁ;{F(Hzt)—F(I)—f(x)zt}:ﬁ;/x {f(y) — F(2)} dy.

By the triangle inequality

:v+zt
s ()] < / (2) dy.
t 1

The integrand can be bounded by its maximum, so

‘Wg(u‘_ Z|Zt|vll?<3|4§ [f(z+h) —f(2)].

The mean value theorem then implies a further bound
W, (u ‘ < Z|” max |f' (x +h
W Z| Al max [f (x+ b))

Taking the maximum over the entire real axis, and using Lemma 4.4(ii), which
requires Assumptions 2.2, 2.4, gives

’Wa(u)’ <op(l 2161112}(1+x ) (z)],

which follows from Assumption 2.7. =
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The asymptotic uniform linearity property, that W;; vanishes, is now proved.
Two ideas of Lee and Wei (1999) are used. First, to deal with the issue that
for explosive component WyW7. and Zthl W W/, the largest and the smallest
components are treated separately. Lee and Wei do actually not consider explosive
and non-explosive components jointly, but the joint evaluation turns out to not
to pose any problems. Secondly, Theorem 2.2 of Lee and Wei gives an asymptotic
uniform linearity property for triangular arrays, which can be used here.

Theorem 4.6 Suppose model (2.6) and Assumptions 2.2, 2.4, 2.5, 2.6, 2.7 are
satisfied. Then

sup
0<u<l1

W, (u)‘ —op (1).

Proof of Theorem 4.6. Some notation is needed. Let v = F(z) and,
recalling @, b; defined in (4.2), let T = z (1 4+ @) . Define

W (t,3) = 1(.,ca5,) — Loz — F (m@t) LF@).

Decompose W3 = W3 1 + W3 5 where

1 T—g(T) T

— — 1
Way(w)=—= Y w(t,z), Wipu@=—7= > w(t,3),
\/T t=1 \/T t=T—g(T)+1

for some function ¢ (T') chosen so g(T)/v/T — 0 and g (T) /log T — oo.
Analysis of W3 5. It is immediately seen that |w (¢,u) | < 2, so

1 29 (T)

W3,2(U>)§ﬁ Z QZWHO'

t=T—g(T)+1

sup
0<u<1

Analysis of W&l. First, note that taking supremum over x € R and over
7 € R gives the same supremum so
T—g(T)

—~ 1 PR
sup ‘W&I (u)| = sup s Z w (t,7)| = sup

0<u<1 zeR p—y

Secondly, this can be written as

sup
zeR

T
1
ﬁ Z {1(€t§90—OéTZTt) - 1(8t§96) -F (l’ - aTZTt) +F (I)} )
t=1

where —arzr; equals /b\t for t <T—g(T) and zero otherwise. According to Lemma
4.4(4i7) the term zp; can be chosen as a triangular array of variables measurable
with respect to the filtration G; ; introduced in Assumption 2.6.
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Thirdly, the desired result now follows if the conditions of Lee and Wei (1999,
Corollary 2.1) can be established. First, ¢; are independent and identically distrib-
uted with distribution function F according to Assumption 2.5, and independent
of G;—1 by Assumption 2.6. The vectors o/, and z7; have a dimension not de-
pending on T" where zr; is G;_1-measurable. Since the ;s have the same marginal
distribution function F with uniformly bounded second derivatives by Assump-
tion 2.7 then Lee and Wei’s condition (2.11) is trivially satisfied. Finally cvy and
Zle zr:Z7y, are both Op (1) according to Lemma 4.4(iii) , requiring Assumption
22,24 m

4.3 Empirical moments

Proof of Theorem 2.9. The following steps are taken. First, it is argued
that the sample moments converge in distribution. Secondly, the identities (2.17),
(2.18) are proved. Thirdly, the asymptotic covariance matrix is derived.

First, by using Lemma 4.1 along with (4.7), (2.16) then

ﬁ(i—iq) = /Ol{Fl(u)}Qdu?(u),
VT (i = 1) = /01{F1<u>}’”dﬁ<u>.

Since U is one of the components of @, see (4.3), the joint convergence follows
from Theorem 2.8, see Shorack and Wellner (1986, p.92). The second set of
expressions for the limiting distribution in (2.17), (2.18) then follows. The first
set of expressions will be derived below. The asymptotic, mean-zero, normality
follows directly from the remarks about stochastic integrals with respect to U in
§2.3.

Secondly, the identity (2.17) is a straight forward definition. For the identity
(2.18) some more work is required. The process Xg is expressed in terms of U in
(2.14) showing that

1
/ {F (u)}" dXe (u) = Jpn + L1y + Lo (4.9)
0
where the uniform process U enters the J,, terms:

Jm:/o {F' (w)}" dU (u),

whereas the term I; and I, are standard integrals not involving U, and which will
be shown to equal:

L= [E Al )] =
o= [HE )3 e )] =G
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The integral I;: The integrator is rewritten using the chain rule and implicit
differentiation as

df {F'(w}] = —]:c %{FF_I ((Z))}%du

Inserting this in /; gives

L ()
= [ )

Substituting v = F () so du = f (z) dx gives

I = /R xm]:c,((gf(:r) dz = /R o™ (z) da.

Finally, by partial integration

L = —m/ 2" (2) de = —myp,, .
R

The integral I5: In the same way

d FF‘l (u) F{F (@}1 _ % {1 () M} du.
F(x

2 F{F (u)}

Inserting this in I, substituting u = ) and using partial integration

1 " ' () 1 _m
_[2—5\/}_{I {l—i—xf(x)}f(x)dx—i{um—(m—i-l)um}——E,um.

Finally the covariance matriz: The covariance follow from the formula (2.11).
Thus, the expression for ooy follows from

/Olhg(U)duz/Ol{F1(u)}4du:,u47 /01h2(u)du:'u2:1'

The other expressions follow in a similar way. First,
1
m m
/ hn (W) AW = iy = Mt 1 fiy = 5 Hinby = fi (1 - 5) )
0
using p; = 0 and p, = 1, while

1
m
/ P () B (w) dw = i, 9 — Mty 1 f13 — 5 Hmha
0

cannot be reduced further. Together with the above expressions this leads to o,,s.
Finally, 0,,, can be derived using

n
S Hm+2tn

1
/0 hm (u) hn (u) du = Hmtn — M1 p—1 — 9

mn

T/vbm—mn/%

mn

=Ny g oy T Ty g [y g [l T

Mm/’tn+2+ 2 Mmun 1:u3+

2

24



4.4 The Gaussian case

Proof of Theorem 2.9. It is first established, for ® () = u that
1
[ e 9ds = —o),
0

/0 Lis<uy {®7" (s)}2 ds = —zp(x)+u.

To see this, note that ¢’ (z) = —xp (x) and ¢" (z) = (2% — 1) (z), and therefore
by substitution ® (¢) = s it holds

/01 1(s§u)q)_1 (s)ds = /x to (t)dt = —/x ¢ (1) dt = —p (z),

—00 —0o0

and likewise

/01(S<u){d>‘1(s)}2ds - / (2= 1) £ 1) o (t)dt
- / (" () + ()} dt = (x) + B (1),

The integrals involved in the expression (2.11) for the covariance of integrals with
respect to the Brownian bridge can now be considered. Recalling the integral
expressions for the Gaussian moments in (2.19) it holds

1 ]-(sgu) u
oy = / o1 (S) ds = 0 )
O\ {e ! (9} 1

and for u = ® (x) and v = P (y) sou < v

1 Lis<u) Lis<v)
Yuy = / D1 (s) , o1 (s) , ds
O\ {27! (s)} {@7' (s)}
u —p () u—zp(2)
= - (y) 1 0
u—yp(y) 0 3

The desired expression is then computed as

Lo (@) oo (@)} (B = s0d) {10 ) Luo )
(L) gre)] (e que
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